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Neutrinos oscillate - their flavor states (e, m, t) are different than their mass states (1, 2, 3)

Connected by mixing matrix:

Mixing matrix Ąmixing angles ς2 flavor case:
ne

nm

n1
n2

cosq sinq
-sinqcosq

3 flavor case:
Reactors

3 angles and a CP-violation term determine the matrix: q12, q13, q23, dCP
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P(nmĄnmύ Ғ м-sin2(2q23)sin2(1.27Dm2
32L/ E)

L= baseline 
Eof neutrino

experiment setup

Dm2
32 = m3

2 ςm2
2 

alsoDm2
21

(to be measured)

Neutrino mixing (UPMNS) analogous to 
quark mixing (UCKM) but much less diagonal
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Things to be measured with 
neutrino oscillation experiments:

q12, q13, q23

Dm2
32, Dm2

21, mass hierarchy
dCP(is CP violated by neutrinos?)
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Dm2
32, Dm2

21, mass hierarchy
dCP(is CP violated by neutrinos?)

Long-baseline noscillation 
experiments can measure 
these especially well
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FD(at Ash River, MN, 810 km baseline):
16m x 16m x 60m, 14kton, on surface (some barite overburden)
~2/3 liquid scintillator by mass, ~344,000 cells, 896 planes
low-Z, finely-segmented, 62% active
1 radiation length ~ 6-10 cells

ND(@ FNAL, 1km from NuMI target):
4m x 4m x 16m, 0.3kton, underground
~20,000 cells, design similar to FD

NOvA
detectors



New from previous analysis:

ÅBetter deep learning algorithms

ÅImproved simulation (addition of Cherenkov light)

ÅNew cross-section tuning
Åcustom 2p2h tuning

ÅMore statistics (up to ~8.85e20 pot)

ÅMore sophisticated analyses
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CVN - disappearance
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CVN - appearance
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nmdisappearance

P(nmĄnm) º1 - sin2(2q23)sin2(1.27Dm2
32L/En)

directly measure q23and Dm2
32

Dm2
32 q23

signature: muon
backgrounds:
neutral current 
-p, p can look like muons
cosmic rays 
- surface detector, real muons



550 ‘s exposure of the Far Detector
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Time-zoom on 10 ‘s interval during NuMI beam pulse
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can reconstruct the event
(ND + FD)

FD: ~106 events
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containment
(ND + FD)

FD: ~103 events
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is it a nmCC?
deep learning: CVN
removes NC, cosmics
(ND + FD)

FD: ~100 events
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BDT to remove
remaining cosmics
(FD only)

FD: ~100 events

shape depends on
oscillation parameters
q23and Dm2

32
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the less hadronic E the 
better the E resolution
divide into 4 Ehad/ Enquantiles

tiny background
Eres=6%

large background
Eres=12%
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select nmevents in ND
data/MC agreement good
tells us simulation not too wrong
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if no oscillations, predict 763 events
observe 126 events

Each systematic is a penalty term in
c2 fit to determine oscillation parameters
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Can plot as 90% confidence 
contour in q23, Dm2

32 space

best fits:

sin2q23 = 0.558+.041
-.033

Dm2
32 = 2.444+.079

-0.077x 103 eV2
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ne Appearance

directly measure dCP, the mass hierarchy, additional information for q23
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